Objective: To investigate rates and risk factors of hospital admission for diabetic ketoacidosis (DKA) or severe hypoglycemia in young patients with established type 1 diabetes. Design: In total, 31 330 patients with type 1 diabetes (median age 12.7 years) from the Diabetes Patienten Verlaufsdokumentation (DPV) Prospective Diabetes Registry treated between 2011 and 2013 in Germany were included. Methods: Admission rates for DKA (pH !7.3 or bicarbonate !15 mmol/l) and severe hypoglycemia (requiring assistance from another person) were calculated by negative binomial regression analysis. Associations of DKA or hypoglycemia with patient and treatment characteristics were assessed by multivariable regression analysis. Results: The mean admission rate for DKA was 4.81/100 patient-years (95% CI, 4.51-5.14). The highest DKA rates were observed in patients with HbA1c R9.0% (15.83 (14.44-17.36)), age 15-20 years (6.21 (5.61-6.88)) and diabetes duration of 2-4.9 years (5.60 (5.00-6.27)). DKA rate was higher in girls than in boys (5.35 (4.88-5.86) vs 4.34 (3.95-4.77), PZ0.002), and more frequent in migrants than in non-migrants (5.65 (4.92-6.49) vs 4.57 (4.23-4.93), PZ0.008). The mean admission rate for severe hypoglycemia was 1.45/100 patient-years (1.30-1.61). Rates were higher in migrants compared to non-migrants (2.13 (1.72-2.65) vs 1.28 (1.12-1.47), P!0.001), and highest in individuals with severe hypoglycemia within the preceding year (17.69 (15.63-20.03) vs patients without preceding hypoglycemia 0.42 (0.35-0.52), P!0.001). Differences remained significant after multivariable adjustment. Conclusions: The identification of at-risk individuals for DKA (patients with high HbA1c, longer diabetes duration, adolescents, girls) and for severe hypoglycemia (patients with preceding severe hypoglycemia, migrants) may facilitate targeted diabetes counselling in order to prevent these complications.
Introduction
Ketoacidosis and severe hypoglycemia are common and potentially life-threatening complications in patients with type 1 diabetes receiving insulin treatment (1) . Diabetic ketoacidosis (DKA) accounts for 13% (2, 3) to 19% (4) of disease-related mortality and occurs at a rate of 1-10/100 patient-years in children and adolescents with established diabetes remaining largely constant within the last decade (1, 5, 6, 7) . In contrast, the incidence of severe hypoglycemia has decreased during the past decade and recent reports refer to rates of 16-20/100 patient-years for severe hypoglycemia (defined as requiring assistance from another person) and 2-8/100 patient-years for hypoglycemic coma (loss of consciousness or seizures) (1, 7, 8, 9, 10, 11) , accounting for 4-10% (2, 3, 4, 12) of diseaserelated mortality.
Hospital admission for DKA and severe hypoglycemia may be influenced by a wide spectrum of risk determinants. Previous studies identified patient characteristics including sex, age, diabetes duration and ethnic origin as risk factors of hospitalization for DKA and of severe hypoglycemia (defined as loss of consciousness or seizure or hospital visit) (6, 7) . In addition, treatmentrelated variables such as HbA1c (6, 7) and insulin treatment regimen (use of insulin pump or multiple daily insulin injections) (7, 10, 13, 14) have been shown to affect the risk of DKA and severe hypoglycemia. These studies were mainly center-based and performed in small cohorts of children and adolescents with type 1 diabetes (6, 7, 10, 13, 14) .
Identification of valid predictors for DKA and severe hypoglycemia may offer the opportunity to prevent both acute complications of type 1 diabetes in high-risk individuals. We conducted a population-based study in a large cohort of more than 30 000 young patients with established type 1 diabetes to analyze the rates and potential risk markers of hospitalization for DKA and severe hypoglycemia.
Subjects and methods
The Diabetes Patienten Verlaufsdokumentation (DPV) Prospective Documentation Initiative of diabetes care in Germany has prospectively followed patients with diabetes mellitus since 1995 (1, 8) . Analysis of anonymized data was approved by the Ethics Committee of Ulm University, Ulm, Germany. For this study, inclusion criteria were the clinical diagnosis of type 1 diabetes mellitus; age at onset of diabetes O6 months; age 0.5-20 years; diabetes duration more than 2 weeks and treatment in any period between 1st January 2011 and 31st December 2013 in Germany. For each patient, data of the first calendar year of follow-up within this period were analyzed. Applying these criteria, data of 31 330 patients from 302 centers were available for cross-sectional analysis.
Hospital admissions for DKA or severe hypoglycemia were investigated in these patients with established type 1 diabetes. Ketoacidosis was defined as pH !7.3 or bicarbonate !15 mmol/l. DKA at onset of type 1 diabetes was excluded. Severe hypoglycemia was defined as requiring assistance from another person to actively administer carbohydrates, glucagon or i.v. glucose (11) . HbA1c values were mathematically standardized to the DCCT reference range 4.05-6.05% using the multipleof-the-mean transformation method (8) . For each patient, HbA1c values were averaged per year of follow-up.
In separate analyses, rates of ketoacidosis and severe hypoglycemia were estimated stratified by sex, age groups, diabetes duration, migration background defined as place of birth of one or both parents outside of Germany, treatment regimen, HbA1c groups and history of one or more events of severe hypoglycemia within the preceding year was included in the analysis.
For descriptive analysis median with quartiles were calculated for continuous variables and percentages for categorical variables. Rates of DKA and severe hypoglycemia were expressed per 100 patient years with 95% CI assuming negative binomial distribution of events. Associations of ketoacidosis and severe hypoglycemia with age, sex, diabetes duration and migration background were assessed by multivariable negative binomial regression analysis (model 1). Further regression analyses additionally included treatment regimens (model 2) and HbA1c category (model 3). Two-factor interactions of independent variables were also explored in the regression models. In addition, the association between hospital admission for severe hypoglycemia and one or more event of severe hypoglycemia within the preceding year was assessed. Results of regression analyses were presented as adjusted rates (estimated for each variable using observed marginal distribution in the study population for all other variables in the model) or relative risks (RRs) including Wald 95% CI. P values of two-tailed tests !0.05 were considered statistically significant. All analyses were performed with SAS for Windows Version 9.4 (SAS Institute, Cary, NC, USA).
Results

Study population
In total, 31 330 patients (median 12.7 years and range 0.6-20 years) were included in the study. Clinical characteristics of the study population are shown in Table 1 . A total of 30 814 patients had available HbA1c measurements with a median of 4 (2; 5) HbA1c measurements per calendar year. During a mean observation period of 0.77 years, 1159 events of acute hospitalization for DKA and 345 events for severe hypoglycemia were documented in children and adolescents with established type 1 diabetes mellitus. The mean crude rate of hospital admission for DKA in these patients was 4.81 (95% CI, 4.51-5.14)/100 patient-years. Mean crude rate of admission because of severe hypoglycemia was 1.45 (95% CI, 1.30-1.61)/100 patient-years. To investigate the admission rates for DKA and severe hypoglycemia in specific patient groups, the study population was stratified according to variables in Table 2 .
Patient-related predictors of ketoacidosis
Girls had higher unadjusted admission rates for DKA compared to boys (Fig. 1A) , which remained significant after multivariable adjustment for demographic variables in model 1 (PZ0.001), additional adjustments for treatment regimens in model 2 (PZ0.002) and for HbA1c in model 3 (PZ0.02) ( Table 3) . Boys had a 14-20% lower risk of admission for DKA compared to girls depending on the regression model used (Table 3) . Unadjusted hospitalization rates for ketoacidosis increased with age from age group 5-9.9 to 10-14.9 years and to 15-20 years (Fig. 1B) . After multivariable adjustment, DKA rates remained higher in patients aged 10-14.9 years compared to individuals aged 5-9.9 years in model 1 (P!0.001), model 2 (P!0.001) and model 3 (PZ0.02) ( Table 3) .
Admission rates for DKA increased in patients with diabetes duration O1 year and was highest in individuals with diabetes duration of 2-4.9 years (Fig. 1C) . DKA rate remained high after diabetes duration of R5 years (5.47/100 patient years). After multivariable adjustment, differences for ketoacidosis admission rates remained significant if diabetes duration of !1 year was compared to a duration of 1-1.9 years in regression model 1 (PZ0.004), model 2 (PZ0.004) and model 3 (P!0.001) ( Table 3) . Individuals with migration background had higher unadjusted hospitalization rates for DKA compared 
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to patients without migration background (Fig. 1D ). These differences remained significant in regression model 1 (PZ0.004) and model 2 (PZ0.005) but not after adjustment for HbA1c in model 3 (PZ0.17) ( Table 3) . Taken together, these results identify girls, adolescents, patients after the remission phase and migrants as individuals at risk of hospital admission for DKA.
Treatment-related risk of ketoacidosis
There were no differences between patients using insulin pumps and individuals using insulin injections for unadjusted ketoacidosis admission rates (PZ0.86; Fig. 1E ), and after multivariable adjustment in regression model 2 (PZ0.97; Table 3 ). However, regression analysis including HbA1c (model 3) revealed moderately higher ketoacidosis admission rates in individuals with insulin pumps (3.23/100 patient-years) compared to patients with insulin injections (2.77/100 patient-years, PZ0.03). Individuals with HbA1c values R9.0% had highest unadjusted ketoacidosis admission rates when compared to patients with lower HbA1c groups (Fig. 1F) . Strikingly, ketoacidosis rates nearly exponentially rose with increasing HbA1c. Patients with HbA1c R9.0% had more than 20-fold higher rates than individuals with HbA1c !6.0%. These results were confirmed after multivariable adjustment in regression model 3 (Table 3) , identifying high HbA1c as strongest predictor of hospital admission for DKA.
Patient-related predictors of admission for severe hypoglycemia
There were no differences between girls and boys for unadjusted hypoglycemia admission rates ( Fig. 2A ) and adjusted admission rates in model 1 (PZ0.54), model 2 (PZ0.59) and model 3 (PZ0.60) ( Table 4 ). Unadjusted hospitalization rates for severe hypoglycemia increased with age ( Fig. 2B ) but these differences did not reach significance. After multivariable adjustment, rates for severe hypoglycemia were higher in adolescents aged 15-20 years compared to patients aged 0.5-4.9 years in regression model 1 (PZ0.02), model 2 (PZ0.046) and model 3 (PZ0.04), while comparison to other age groups revealed no differences in model 1 (PR0.07), model 2 (PR0.11) and model 3 (PR0.09) ( Table 4) .
There were no differences in unadjusted hospital admission rates for severe hypoglycemia for patient groups with different diabetes duration (Fig. 2C) , while regression analyses revealed higher hospitalization rates for patients with a diabetes duration of 2-4.9 years compared to a duration of O5 years in model 1 (PZ0.02), in model 2 (PZ0.03) and in model 3 (PZ0.04) ( Table 4 ). Taken together, 
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these results indicate no definite association between sex and hospital admission for severe hypoglycemia, but there was a trend for higher admission rates for hypoglycemia with age, while diabetes duration of O5 years was associated with lower admission rates for hypoglycemia. Patients with migration background were admitted more often because of severe hypoglycemia than individuals without migration background (Fig. 2D ). These differences remained significant after multivariable adjustment in regression model 1 (P!0.001), model 2 (PZ0.001) and model 3 (PZ0.001) ( Table 4) . Migrants had a 67% higher risk of admission for severe hypoglycemia than non-migrants (Table 4) , identifying migration background as a clear risk factor of hospital admission for severe hypoglycemia.
Treatment-related risk of admission for severe hypoglycemia
Hospitalization because of severe hypoglycemia was found more often in patients with insulin injections compared to individuals using insulin pump therapy (Fig. 2E) . This difference was no longer significant after multivariable adjustment in regression model 2 (PZ0.30) and model 3 (PZ0.30) ( Table 4 ). Comparisons of individuals within different HbA1c groups showed no trend for unadjusted severe hypoglycemia admission rates between HbA1c groups below 8.9% (Fig. 2F) . Lower rates for severe hypoglycemia were observed for patients with HbA1c R9% compared to individuals with HbA1c of 8.0-8.9% (Fig. 2F) , which remained significant in regression model 3 (PZ0.02) ( Table 4) .
Individuals with one or more severe hypoglycemia within the preceding year had more than 40-fold higher admission rates for severe hypoglycemia than patients without a severe hypoglycemia in the preceding year (17. 
Discussion
To analyze rates and risk factors of hospital admission for DKA and for severe hypoglycemia in young patients with established type 1 diabetes, we performed an observational study in a prospective cohort of 31 330 patients treated between 2011 and 2013 in Germany. We found that ketoacidosis is more common in girls, adolescents and patients with diabetes duration O1 year, and that DKA risk strongly increases with HbA1c. Risk of severe hypoglycemia requiring hospital admission was highest in individuals with severe hypoglycemia in the preceding year. The total rate of hospital admissions for ketoacidosis in this population-based analysis (4.81/100 patient-years) is similar to previous studies (5) and close to former results from the DPV cohort (5.9/100 patient-years) (1), suggesting that the majority of patients with this acute complication in Germany are treated in hospital. Treatment of DKA in children frequently requires hospitalization because experienced nursing staff and specialized pediatricians are needed. However, hyperglycemia and ketosis in individuals without dehydration and vomiting may also be managed at home by parents trained in sick-day management or in an outpatient health care facility (emergency ward) (5).
In our study, girls, adolescents and patients with high HbA1c levels were at an increased risk for ketoacidosis, similar to earlier findings (5, 6, 7, 14) . This finding may be explained in part by omitting insulin inattentively, or in order to lose weight (particularly in females), and poor adherence to diabetes treatment which is common in adolescents with erratic meals and risk-taking behavior (14, 15) . We found an exponential rise of hospital admission rates for ketoacidosis with increasing HbA1c similar to previous reports from North America (6, 7). Thus, poor metabolic control was the strongest predictor of hospital admission for DKA in our study.
Higher DKA rates were seen in patients with diabetes duration of O1 year, similar to previous findings (6, 9) . A plausible explanation for this finding is the complete loss of b cell function after that time, while residual insulin secretion in individuals with short diabetes duration may partially protect from DKA. The higher DKA rates found in individuals with migration background correspond to earlier observations (1, 7) identifying migrant populations at particular risk for DKA. Lower household income has been identified as DKA risk factor (6, 7), but lower adherence to diabetes therapy in immigrant populations related to cultural factors may independently contribute to DKA risk (16) . However, our study design did not allow analyzing DKA frequency in relation to socioeconomic and cultural variables. 
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The rate of hospital admissions for severe hypoglycemia in this study (1.45/100 patient-years) is much lower than the total incidence of severe hypoglycemia in the DPV cohort (19.1/100 patient-years (1) and 17.6/patient-years in 2012 (8)), indicating that !10% of patients with severe hypoglycemia are admitted to hospital treatment in Germany. These findings may be explained by urgent on-site treatment of trained parents or caregivers with rapid-acting oral sources of glucose or i.m. administration of glucagon (11) or short-term out-patient treatment not necessarily leading to in-patient care in the majority of patients. Unexpected and extemporaneous emergency situations of severe hypoglycemia may lead to hospitalization as well as cases with repeated or unexplained severe hypoglycemia needing detailed diagnostic approach.
Of the demographic variables analyzed in our study, only migration background was associated with higher hospital admission rate for severe hypoglycemia. The higher incidence of admission for severe hypoglycemia in children and adolescents of immigrant parents may be explained in the context of socioeconomic disadvantages (6, 7) or due to insufficient diabetes education based on cultural barriers (16) . No association between lower HbA1c and hospital admission rate for severe hypoglycemia was found, similar to other reports (9, 13) . These results correspond to our previous findings in young individuals with type 1 diabetes that low HbA1c no longer predicts the risk of severe hypoglycemia (8) .
The highest rates of hospital admission for severe hypoglycemia were found in individuals with one or more events of severe hypoglycemia in the preceding year. Previous severe hypoglycemia has been nominated as a risk factor for subsequent hypoglycemia (6, 11) . These findings emphasize the need for detailed evaluation of every severe hypoglycemic episode and, more importantly, specific diabetes counselling in order to prevent hypoglycemia with ongoing diabetes treatment.
We did not find consistent differences between patients using insulin injections and individuals using insulin pumps concerning hospital admission for ketoacidosis or severe hypoglycemia. However, direct comparison is difficult in observational data, as patients are not randomized to pump therapy, but specific indications lead to the initiation of insulin pump therapy. In a report from Sweden, twofold higher ketoacidosis rates were described in patients using insulin pumps compared to individuals with type 1 diabetes using insulin injections (14) , while more recent studies reported lower ketoacidosis rates in pump users than in those using injections (7, 10) . There was a trend to a lower rate of hospital admission for severe hypoglycemia in patients using insulin pumps in our cohort but without significant difference after multivariable adjustment. This finding is concordant with other studies reporting lower rates for severe hypoglycemia in patients on insulin pump treatment (7, 10, 13) . One strength of this study is its population-based multicenter database, including more than 30 000 young individuals with established type 1 diabetes, permitting analysis of demographic and treatment variables as risk factors of DKA and of severe hypoglycemia. The study was not intended to investigate different causes of DKA or severe hypoglycemia requiring hospitalization. Our data allow for the identification of individuals with high risk of admission for DKA and for hypoglycemia. These results are of clinical relevance as specific focus may be put on such patients with type 1 diabetes. It has been shown that structured diabetes education may reduce the incidence of DKA and severe hypoglycemia by more than 50% (17, 18) and targeted diabetes counseling in high risk individuals with type 1 diabetes might particularly reduce and prevent these acute complications.
In conclusion, the results of this study identify individuals with type 1 diabetes at-risk of hospital admission for DKA (patients with high HbA1c, diabetes duration O1 year, adolescents, girls) and at risk of admission for severe hypoglycemia (patients with preceding hypoglycemia and migration background). These at-risk individuals may need specific attention in diabetes education aiming at the prevention of ketoacidosis and severe hypoglycemia.
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